Fatigue-crack-growth rate tests were conducted on compact specimens made of a 7050-T7451 aluminum alloy to study the behavior over a range in load ratios (0.1 ≤ R ≤ 0.9) and constant K max test conditions. Previous research had suggested that differences in the threshold regime at high stress ratios were attributed to K max effects. But recent measurements of crack-closure behavior under high R and constant K max test conditions near threshold conditions on a variety of materials have indicated that these tests may not be crack-closure free as suspected. Strain gages were placed near and ahead of the crack tip to measure crack-opening loads from local strain records. In addition, a back-face strain (BFS) gage was used to monitor crack lengths and to measure crack-opening loads from remote strain records during the same tests. The 7050 alloy produced very rough crack-surface profiles. For R = 0.1, the BFS and local gages indicated very similar high crack-opening loads. For R ≥ 0.7 and K max test results in the threshold regime, the BFS gages indicated lower crack-opening loads than the local gages. Based on local measurements, crack-closure-free FCG data (K eff against rate) were calculated. These results indicated that the K eff against rate relation is nearly a unique function over a wide range of R values even in the threshold regime, if crack-opening loads were measured from local strain gages. At low R, all three major shielding mechanisms (plasticity, roughness and fretting debris) are suspected to cause crack closure. But for high R and K max tests, roughness and fretting debris are suspected to cause crack closure above the minimum load. A strip-yield model was also used to correlate the data over a wide range in stress ratios and rates, but required a very low constraint factor ( = 1.3), due to the high crack-opening loads.
K Ie maximum stress-intensity factor at failure, MPa-m 1/2 K max maximum stress-intensity factor, MPa-m 1/2 P max maximum applied load, N P min minimum applied load, N P o crack opening load, N R load (P min /P max ) ratio U crack-opening function, (1 -P o /P max )/(1 -R) W specimen width, mm K stress-intensity factor range, MPa-m 
Introduction
Cracks in high-cycle fatigue components spend a large portion of their fatigue life near threshold conditions. In order to characterize the evolution of damage and crack propagation during these conditions, fatigue-crack-growth (FCG) rate data at threshold and near-threshold conditions are essential in predicting service life and in determining the proper inspection intervals. Based on linear elastic fracture mechanics, FCG rate (dc/dN) data are quantified in terms of the stress-intensity factor range, K, at a given load ratio (R = minimum to maximum load ratio) [1] . The relation between K and dc/dN was shown to be nearly linear on a log(K)-log(dc/dN) scale. The relationship becomes nonlinear when the crack approaches fracture [2] or when the FCG rate is very slow [3] . One of the significant mechanisms that influence crack-growth behavior is crack closure, which is partly caused by residual plastic deformations remaining in the wake of an advancing crack [4, 5] , roughness of the crack surfaces [6] , and debris created along the crack surfaces [7] . The discovery of the crack-closure mechanism and development of the crack-closure concept led to a better understanding of FCG behavior, like the load-ratio (R) effect on crack growth. The crack-closure concept has been used to correlate crack-growth-rate data under constant-amplitude loading over a wide range in rates from threshold to fracture over a wide range in load ratios and load levels [8] . Difficulties have occurred in the threshold and near-threshold regimes using only plasticity-induced crack-closure modeling [9] . The load range where the crack tip is fully open is considered to be the effective range controlling crack growth. To calculate the effective stress-intensity factor range, K eff , the crack-opening load, P o , was initially determined from load-displacement records using a local displacement gage placed near the crack tip [4, 5] . For convenience, however, standard measurement methods have used either remote crack-mouth-opening-displacement (CMOD) gages or back-face strain (BFS) gages. These remote measurement methods have indicated that cracks are fully open under high load-ratio conditions for a variety of materials. Thus, high load ratio (R ≥ 0.7) data have been considered to crack-closure free, even in the threshold regime, and R-ratio effects have been attributed to K max effects. In the low rate regime, at or near threshold conditions, roughness-induced crack closure (RICC) [6, 10] and debris-induced crack closure (DICC) [7, 11] , have been considered to be more relevant. However, plasticity-induced crack closure (PICC) [8, 9] is still relevant under all load-ratio conditions. For high R conditions, where crack-opening loads from plasticity are nearly equal to the minimum load (K eff = K, no PICC), the residual-plastic deformations along the crack surfaces are much larger than fretting-debris thicknesses [9, 11] and, possibly, asperity influences. And, thus, plasticity contributes greatly to crack-opening loads that are higher than the minimum load.
Until recently, the crack-closure concept was not able to correlate data in the threshold regime, either from load-reduction tests at constant R or constant K max tests. Variations in the threshold and near-threshold behavior with load ratio could not be explained from PICC alone [9] , but RICC and DICC mechanisms may be needed to correlate these data. The constant K max test procedure [12] also produces what has been referred to as the "K max effect", in that, lower thresholds are obtained using higher K max values [13, 14] . Compared with the constant R test method, constant K max tests gradually decrease P max and increase P min to obtain a reduction in K as the crack grows. One advantage of this test method is that it was commonly considered to produce crack-closure-free data (R ≥ 0.7) using remote crack-opening load measurement methods (CMOD and BFS). But constant K max testing also produces data at variable load ratios (R) and fatigue-crack-growth thresholds at high load ratios (> 0.8).
For aluminum alloys and high K max values, more dimpling and tunneling on the fatigue surfaces were observed [14] , as the threshold was approached. This behavior indicated a change in the damage mechanism from classical fatigue-crack growth to more of a tensile fracture mode due to the K max levels approaching the elastic fracture toughness. But extensive literature data reviewed by Vasudevan et al [15] on a wide variety of materials do not show the so-called K max effect. These mixed results suggest that something is different in the test procedure, test specimens or crack-growth process that exhibits different behavior in the near-threshold regime. Recently, Yamada and Newman [16, 17] have measured high-R closure (constant R and K max tests) and used the results to establish a nearly unique K eff against rate relation for both Inconel-718 and 2324-T39 aluminum alloy in the threshold and near-threshold regimes.
To generate constant load-ratio data in the threshold and near-threshold regimes, ASTM E-647 [18] uses the load-reduction test method. But the load-reduction test method has been shown to produce higher thresholds and lower rates in the near-threshold regime than steady-state constant-amplitude data on a wide variety of materials [19] [20] [21] [22] [23] . In addition, the load-reduction test method produces fanning with the load ratio in the threshold regime for some materials (fanning gives more spread in the K-rate data with the load ratio in the threshold regime than in the mid-rate regime). It has also been shown that the test method induces a load-history effect, which may be caused by remote closure [9, 19, 24] . Thus, the load-reduction test method does not, in general, produce constant-amplitude FCG data, as was originally intended in ASTM E-647. In order to produce steady-state constant-amplitude data, compression-compression pre-cracking methods have been proposed [25] [26] [27] . A pre-notched specimen is cycled under compression-compression loading to produce an initial crack, which naturally stops growing (a threshold is reached under compression -compression loading). Then the specimen is subjected to the desired constant-amplitude loading. If the crack had not grown after a million or so cycles, then the load was slightly increased (few percent). This process is repeated until the crack has begun to grow. Then the constant-amplitude loading is held constant and FCG rate data is generated at the desired stress ratio. The crack must be grown a small amount to eliminate the crack-starter notch and tensile residual-stress effects, and to stabilize the crack-closure behavior [21, 28] . This method is called compression pre-cracking constant-amplitude (CPCA) loading threshold testing. Another method is to grow the crack at a low K value, after compression pre-cracking, and then use the standard load-reduction test method. Compression pre-cracking allows the initial K value or rate, before load reduction, to be much lower than would be needed or allowed in the ASTM standard load-reduction test method. This method is called the compression pre-cracking load-reduction (CPLR) threshold test method. Both the CPCA and CPLR methods are used herein.
In this paper, FCG tests were conducted on compact specimens made of a 7050-T7451 (LT) aluminum alloy to study the behavior over a wide range in load ratios (0.1 ≤ R ≤ 0.9) and constant K max test conditions from threshold to near fracture conditions. During the tests, strain gages were placed near and ahead of the crack tip to measure crack-opening loads from local load-strain records during crack growth, as shown in Figure 1 (a). In addition, a BFS gage was also used to monitor crack lengths and to measure remote load-strain records during the same test. Based on load-strain measurements (BFS and local), crack-opening loads were determined and crack-closure-free FCG data, K eff , were calculated and compared over a wide range in load ratios and K max test conditions.
Material, specimen and test procedures
Compact, C(T), specimens (B = 6.35 mm) were used to generate FCG rate data on 7050-T7451 aluminum alloy (LT-orientation). The specimens were obtained from the NASA Langley Research Center (LaRC) and some of these specimens had also been previously tested at LaRC under ASTM standard load-reduction and CPCA loading procedures [29] . The yield stress was 470 MPa, the ultimate tensile strength was 525 MPa, and the modulus of elasticity was 76 GPa. Specimens had a width (W) of 50.8 mm. The specimens did not have the standard V-notch, but had an EDM (electrical-discharge machine) rectangular notch 10-mm long, measured from the pin-hole centerline, with a total notch height of 0.25-mm. In addition, the edges of the pin holes in the specimens were beveled to avoid or minimize undesired out-of-plane bending moments (pins forced to contact near mid-thickness of specimen), see Figure 1 (b).
The load sequences applied to the C(T) specimens are shown in Figure 2 . All specimens were fatigue pre-cracked under compression-compression loading to initiate a crack at the EDM notch. Small aluminum alloy blocks were bonded on the top and bottom edges of the specimens along the pin-hole centerline, so that the blocks would contact with the loading clevis under compressive loading [21] . (Smaller pins were inserted in the standard pin holes as a safety measure to prevent loose specimens.) To minimize the development of multiple cracks at the notch, a sequence of compression pre-cracking (CP) loads were applied. The maximum load was -0.45 kN and the minimum loads were -2.7 kN for 10 kcycles, -3.6 kN for 10 kcycles and -4.8 kN for 30 kcycles (final |K cp |/E ≈ 0.0002 m 1/2 ). FCG rate tests were then conducted using constant K max testing (shed rate of -0.4 mm -1 ), constant-amplitude (CPCA) loading, or load reduction (CPLR) at constant R after a small amount of crack extension under constant-amplitude (CPCA) loading. Load-reduction tests were conducted when the FCG rate was 1E-9 to 3E-9 m/cycle, which is nearly an order of magnitude lower than the maximum rate allowed in the ASTM E-647 standard [18] . FCG tests were performed under computer control on servo hydraulic testing machines (5 kN capacity) in laboratory air at room temperature and humidity (30% RH). The loads were applied in sinusoidal waveform at 18 Hz in the low-rate regime and about 1 to 3 Hz in the high-rate regime. Crack lengths were monitored by using a BFS gage and occasionally calibrated with measurements made from a traveling optical microscope.
To measure load-strain records near the crack tip, strain gages were mounted close to the crack path for all test conditions. The locations of the strain gages were chosen to be slightly off the anticipated crack path by about the crack-starter notch height (≈ 2 mm) and about 5 mm away from the crack tip after compression-compression pre-cracking. A number of strain gages were mounted along the anticipated crack path to record load-strain records as the crack approached these gages. The optimum signals were obtained when the crack tip was about 2 to 3 mm away from the strain gage during threshold testing. Approximately 20 load-strain records were recorded when the target FCG rates were achieved. During measurements, the frequency of cyclic loadings was reduced to 0.5 Hz to minimize external noise.
The BFS and crack-monitoring software recorded various compliance-offset values using Elber's load-reduced-displacement (strain) approach [30] . In general, the results from the BFS showed the tail-swing associated with crack closure and the compliance-offset values from 1 to 16% [31] . The standard recommends the 2% (OP2) value, but the 1% (OP1) values were used herein.
Fatigue-crack-growth results
FCG tests were conducted over a wide range in constant load-ratio conditions (R = 0.1, 0.7 and 0.9), and these results are shown in Figure 3 , which generally ranged from threshold to near fracture. At high rates, the asymptote to fracture, as expected, was a function of the load ratio, R. In this regime, the critical stress-intensity-factor range at failure, K c , is given by K Ie (1 -R), where K Ie is the elastic fracture toughness or maximum stress-intensity factor at failure. Thus, at higher R-values, a crack will grow to failure at lower values of K c . In the near-threshold regime, the R = 0.9 rates were higher than the R = 0.7 rates at the same K value, and the R = 0.9 test produced a lower threshold than the R = 0.7 test. The solid symbols show the CPLR test results. After CP, cracks were grown several compressive plastic-zone sizes before LR. The open symbols show CPCA or CA test data. Again, the CPCA test data is after the crack had grown beyond the crack-extension criterion, c ≥ 2 (1-R)  c , where  c is the Dugdale plane-stress plastic-zone size,  c = (/8) (|K cp |/ o ) [28, 32] 
2 .) Figure 4 shows a comparison of test data generated at R = 0.1 using the ASTM load-reduction (LR) test method [29] and those from the current study. The ASTM LR tests were conducted by Newman et al (LaRC) on specimens machined from the same plate of material used in the current study. These results show that the LR test method produced higher thresholds (K th at 1E-10 m/cycle) and lower rates than the CPLR test method. But the R = 0.1 results from LaRC also showed some variations for different test specimens in the near threshold regime. This may have been due to the possible influence of residual-stress variations in the forging material and/or partially from load-history effects. Four tests were conducted with 4 different initial K i values to start the LR tests. The two test results shown by the solid symbols violated the ASTM LR standard (initial rate greater than 1E-08 m/cycle). While the two tests at the lowest K i values satisfied the standard, but produced slightly lower thresholds than the two tests with highest K i values.
Two specimens were also tested at R = 0.1 using the CPLR test procedures. After CP loading, one test had a starting K i level near the lowest value from the LaRC tests. These results are shown as the solid diamond symbols in Figure 4 . After reaching a very low rate in the CPLR test, a CA test was conducted to generate the upper portion of the curve. These data fell at slightly lower K values than the LaRC tests at the same rate. A second CPLR test had a K i level of 2.7 MPa√m and these results are shown as solid triangles. These results fell at even lower K values than the previous CPLR test. It was very surprising that the very low starting K i levels would still have an effect on the near-threshold results during load reduction. (Newman et al [29] conducted two CPCA tests at R = 0.1 and these results are shown later.)
Crack-closure measurements
Recently, Yamada and Newman [16, 17] have used local strain gages mounted on one side of C(T) specimens to measure crack-opening loads. In measuring load-strain records, either from BFS or local strain gages, it is very important that nonlinearities, such as that due to out-of-plane bending or other causes, are not present in the measured data. Thus, a notch C(T) specimen was tested without a fatigue crack to verify the linearity of the local load-strain records. Figure 5 shows load-against-reduced strain records for a notched and cracked specimen at low and high R ratios. The records with only a notch were very linear, while the records with a fatigue crack show the typical crack-closure behavior. Where the nonlinear curve meets the upper linear portion is assumed to be the crack-opening load [30] . For all stress ratios, the three major shielding mechanisms (plasticity, roughness and debris) are expected to contribute to the crack-opening load. Under CA loading, is any remote closure involved in the crack-growth and closure process, like that suspected in the ASTM LR test due to residual-plastic deformations? For cracks that exhibit remote closure, the determination of the correct crack-opening load from a load-strain record to characterize crack-tip damage may be difficult [33] . In addition, crack-closure measurements using remote compliance methods are poor indicators of crack-tip events [34] . Changes in compliance are sensitive to remote closure or when a large portion of the crack closes. Because FCG behavior is determined by crack-tip events, near-tip measurement methods are better suited to describe their behavior [34] . For CA loading and plasticity modeling, crack opening is a local crack-tip event [33] , and for roughness modeling [34, 35] the first asperity from the crack tip controls the crack-opening load. Also, in threshold testing [11] , the accumulation of fretting debris along the crack surface occurs in the interior, and near the crack-front location. Thus, it is assumed that under CA loading, crack-opening loads can be determined from the load-reduced-strain records using Elber's method [30] .
Another issue is crack-opening loads in the interior (near plane-strain behavior) versus those measured at the free surface (plane stress). How three-dimensional crack-opening loads are used in a two-dimensional FCG analysis is still unclear [36] . Crack-opening loads at the free surface should affect the near crack-front-strain ranges in the interior, but at the small K values near threshold, plane-strain behavior should be dominant and plane-stress behavior would be over a very small zone. In addition, PICC models (see for example Ref. 37) predict that above R ≥ 0.7, the cracks should be fully open under plane-stress conditions, so PICC may not be the reason for high-R closure.
Initially, Elber [4, 5] used a local displacement gage to measure crack-opening loads. But this method was more complicated than using a remote CMOD or BFS gage. Thus, the remote method has been standardized in ASTM E-647. However, recent local crack-opening load measurements indicate that the remote method may not be sensitive enough or reliable for high-R test conditions. A comparison of remote and local crack-opening load measurements is shown in Figures 6 and 7 , respectively. For R = 0.1, both methods produced very high crack-opening-load (P o /P max ) ratios. The OP1 and OP2 values from the remote gage were extremely high, as the threshold conditions were approached. The P o /P max values from the local gage were only slightly lower than the remote gage at threshold conditions, but were still very high. But for R = 0.7 (Fig. 8) and K max (Fig. 9) test conditions, the local gage produced slightly higher opening-load ratios than the remote gage. Crack-closure behavior was observed on the K max tests at very high stress ratios, as high as 0.94, as the threshold is approached.
Using these measured crack-opening-load ratios, the K eff values were determined and compared with the K-rate data generated on constant R and two K max tests in Figure 10 . Because of the very high crack-opening-load ratios, the K eff data fell at very low stress-intensity values in the near-threshold regime, but fell slightly to the upper bound of the R = 0.7 results in the mid-and upper-rate regions. This implies that in the mid-to upper-rate regions, only a slight amount of crack closure is occurring at R = 0.7, like expected from previous research. The solid lines with open circles show the selected K eff -rate baseline curve. The baseline curve fell fairly close to the K eff values determined from an R = 0.1 test (OP1 values from remote gage) over a very wide range in rates.
The crack-closure model FASTRAN [37] [38] [39] was then used to find a constraint factor () that would correlate the K-rate data into a tight band on the K eff plot, as shown in Figure 11 . Surprisingly, a very low constraint factor ( = 1.3) was required. The data correlated very well and even collapsed onto a unique curve in the near-threshold regime, but the data was very different from the measured K eff values. The discrepancy is due to the fact that FASTRAN is currently a PICC model and roughness-and/or fretting-debris play a dominant role in the threshold regime. At the high rates, the results show the usual R dependency on the approach to fracture. (Herein, the crack-closure model was able to collapse the constant-amplitude FCG data into a fairly tight band over a wide range in R and rates, but caution should be exercised for variable-amplitude and spectrum loading. Having a plasticity parameter, such as , correct for roughness and/or debris effects could lead to inaccurate life predictions. However, these effects are beyond the scope of the present paper. Combined plasticity, roughness and/or debris-induced crack-closure modeling, such as that by Newman et al [34, 35] and Kim and Lee [40] , may be required to produce accurate life predictions.)
Crack-growth modeling
The crack-growth relation used in the crack-closure model, FASTRAN [37] [38] [39] , is
where C 1i and C 2i are the coefficient and power for each linear segment, K eff is the effective stress-intensity factor, K o is the effective stress-intensity factor at threshold, K max is the maximum stress-intensity factor, C 5 is the cyclic elastic fracture toughness (usually C 5 is set equal to K Ie , which is generally a function of crack length, specimen width, and specimen type), p and q are constants selected to fit test data in either the threshold or fracture regimes. Whenever the applied K max value reached or exceeded C 5 (or K Ie ), then the specimen or component would fail (see Eqn. 1). The effective threshold stress-intensity-factor range, K o , is expressed as a function of stress ratio and is:
or
The values of p and q have ranged from 2 to 10 depending upon the material. A table-lookup form is used for the power-law term because many materials, especially aluminum alloys, show sharp changes in the crack-growth-rate curves at unique values of rates. These sharp changes have been associated with monotonic and cyclic plastic-zone sizes, grain sizes, and environments [41, 42] . A very low constraint factor,  = 1.3, was found to correlate the FCG test data fairly well, as shown in Figure 11 . The solid curve with open symbols shows the K eff -rate baseline curve (see Table 1 ). These results also show the classic plateau that occurs on most aluminum alloys in the (1E-09 to 1E-08 m/cycle) rate regime.
The coefficients in the threshold term of Equation 1 were evaluated from test data presented in Figure 10 . The K o values were nearly independent of R; thus, C 3 = 1.3 MPa√m and C 4 = 0. The power term, p = 5, was selected to best match the shape of the K-rate curve from the previous CPLR test (R = 0.1) as the threshold conditions were approached, as shown in Figure 10 .
Coefficients in the fracture term were also estimated from test results in Figure 10 . Several C(T) specimens were cycled to failure at both low-and high-R. From these results, the cyclic fracture toughness, C 5 , was estimated at 40 MPa√m with q = 5. It is, however, suspected that the K Ie values are not constant, but vary with crack length and specimen width. However, insufficient test data was available to conduct a Two-Parameter Fracture Criterion (TPFC) analysis [43] .
A comparison of measured and calculated crack-growth (K-rate) behavior from the crack-closure model at low-and high-R is shown in Figure 12 . The solid curves show the calculated behavior from Equation (1) with the baseline data in Table 1 . The calculated curves agreed fairly well with the test data from threshold to fracture. Further comparisons at R = 0.1 are shown in Figure 13 . NASA LaRC had also conducted two CPCA tests at R = 0.1 on specimens machined from the same block [29] . Both tests had nearly the same starting location and agreed very well with each other, as shown by solid symbols. The CPCA test results started on the high-R curve because the crack was fully open (K = K eff ), but as the cracks grew the crack-opening-load level rose and the data approached the R = 0.1 data. The solid diamond symbol shows where the crack extension in one of the CPCA tests had reached the crack-growth criterion. Here it is expected that the influence of the compression pre-cracking tensile residual stresses would have diminished and the crack-opening loads would have stabilized [28] . The open diamond symbols show the results of the CPLR test that had the lowest K i level (2.7 MPa√m). The CPLR results matched well with the valid data from the CPCA tests. The dashed curve shows the results for a thin-sheet 7075-T6 aluminum alloy also tested at LaRC [44] , which had a very similar shape at R = 0.1.
Discussion of results
Testing on 7050-T7451 aluminum alloy has shown that near-threshold events, like threshold fanning with the R ratio and K max effects, may be explained by the crack-closure concept. Crack-opening loads measured with the local strain gages consistently showed a rise in the P o /P max ratio as the threshold conditions was approached. Figure 14 summaries the crack-opening-load ratios measured with the local strain gages over a wide range in R-values and K max tests. The differences between the dashed lines and the measured values indicate the amount of crack closure for each R. Most of these tests were CPLR tests, but load-history effects due to load reduction are not likely due to the very low initial K i values used, especially at high R. But what has caused the rise in crack-closure behavior in the near-threshold regime?
In the literature, plasticity effects have been dismissed because the plastic-zone sizes are very small near threshold conditions, but crack-surface displacements are also very small. PICC is due to the interference between the residual-plastic deformations and crack-surface displacements. Thus, in the threshold regime, PICC is still a very dominant shielding mechanism at any R-value. Measurement of crack-opening loads at the free surface may also record plane-stress behavior instead of interior plane-strain or average through-the-thickness behavior.
How three-dimensional crack-opening loads are used in a two-dimensional analysis is still unclear [36] . Crack-opening loads at the free surface should affect the near crack-front-strain ranges in the interior, but at the small K values, plane-strain behavior should be dominant and plane-stress behavior would be over a very small zone. In addition, PICC models (see for example Ref. 37) predict that above R ≥ 0.7, the cracks should be fully open under plane-stress conditions, so PICC may not be the reason for high-R closure.
Since the near crack-tip strain gages are located 2 to 3 mm's away from the crack front (B = 6.35 mm), the crack-opening values measured at any R may be more of an average value through-the-thickness. The 7050-T7451 alloy creates a very rough and tortuous fatigue-crack surface, compared to 2024-T3 or 7075-T6. Thus, for high-R conditions, RICC is suspected to be a major contributor to the rise in the crack-opening-ratio level as the threshold is approached. Very rough crack surfaces with contacting asperities may also create debris along the crack surfaces, so DICC is also suspected to be a major contributor to the rise in the crack-opening-ratio levels in the threshold regime for high R [16, 17] .
Concluding remarks
Fatigue-crack-growth (FCG) rate tests were conducted on compact specimens made of a 7050-T7451 aluminum alloy (LT orientation) to study the behavior over a wide range in load ratios (0.1 to 0.9) and constant K max test conditions. During FCG tests, strain gages were placed near and ahead of the crack tip to measure crack-opening loads from local strain records. In addition, a back-face strain (BFS) gage was also used to monitor crack lengths and to measure crack-opening loads from remote strain records during the same tests. The 7050 alloy produced very rough crack-surface profiles, which greatly contributed to the high crack-opening loads. For R = 0.1, the BFS and local gages indicated very similar high crack-opening loads. For R ≥ 0.7 and K max test results in the threshold regime, the BFS gages indicated lower crack-opening loads than the local gages. Also, the local gages were more sensitive to non-linearities in the load-against-reduced-strain records than the remote gages. Based on these local measurements, crack-closure-free FCG data (K eff against rate) were calculated. These results indicated that the K eff against rate relation is nearly a unique function over a wide range of R values even in the threshold regime, if crack-opening loads were measured from local strain gages. At low R, all three major shielding mechanisms (plasticity, roughness and fretting debris) are suspected to cause crack closure. But for high R and K max tests, roughness and fretting debris are suspected to cause crack closure above the minimum load. A strip-yield model was also used to correlate the data over a wide range in stress ratios and rates, but required a very low constraint factor ( = 1.3), due to the high crack-opening loads. 
